that we obtain in photon correlation measurements indicates that a nanotube emits photons predominantly one-by-one, with a probability of two-photon emission that can be less than 5%. Unintentional carrier localization in random quantum dots (QDs) appears to be important in the CNTs that we studied: however, antibunching in photon cross-correlation measurements [10] on nanotubes that exhibits two distinct PL lines, most likely originating from two different QDs within the same CNT, strongly suggest that inhibition of two-exciton generation by Auger processes [11, 12] is playing a dominant role in ensuring that photons are generated one at a time. In this sense, CNTs differ from atoms or molecules since they exhibit an optical anharmonicity primarily induced by interactions rather than phase-space * These authors have contributed equally to this work. † To whom correspondence should be addressed. E-mail: hoegele@phys.ethz.ch (A.H.); imamoglu@phys.ethz.ch (A.I.). 1 filling. Ultra-low multi-photon emission probability suggests that carbon nanotubes could be used as a source of single photons for applications in quantum cryptography [13].
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We have studied isolated micelle encapsulated CoMoCat-CNTs using an optical confocal microscope system operated in a liquid Nitrogen dewar or a Helium bath cryostat at 77 K and 4.2 K base temperatures, respectively (see Methods). Laser excitation of the CNTs through a phonon sideband [14, 15, 16 , 17] 70 meV above their peak emission energy ensured fast sub-ps relaxation to the luminescent bright exciton ground state. In order to benefit from high detection efficiency of silicon-based detectors, we focused our studies on individual CNTs with PL emission in the spectral window between 855 nm and 885 nm. It is most likely that in this spectral window the observed low-temperature PL originates from (6,4) chirality CNTs which have an emission wavelength of 873 nm at room temperature [9] . Figure 2a presents typical PL spectra from an individual CNT: at low temperatures the emission resonance exhibits an asymmetric line shape with a steep high-energy shoulder and FWHM linewidths ranging between 1 meV and 5 meV. Asymmetric and multi-line PL spectra were found in previous low-temperature single CNT studies [20, 21, 22] . Right panel of Figure 2 shows the results of photon correlation measurements carried out on the same CNT using a Hanbury-Brown and Twiss (HBT) setup and pulsed-laser excitation: the missing central peak in the unnormalized correlation function G (2) (τ ) at τ = 0 is a direct signature of strong photon antibunching, indicating that this CNT essentially never emits two photons upon excitation by a fs laser pulse [23] .
Similar measurements carried out on an attenuated laser naturally yield a τ = 0 peak that is as strong as all the other peaks; reduction of the normalized area of the central peak below unity provides clear evidence that the CNT PL is nonclassical. The degree of antibunching is substantial, two-photon emission probability remains as low as 3% up to 33 K. Even at 57 K the CNT emits two photons at a time with a probability of only 15%. All of the CNTs that we investigated at low temperatures exhibited photon antibunching. Figure 3 shows evidence for exciton localization in CNTs that is neither intentional nor controlled in our samples. The formation of localized excitonic [22, 24] or QD-like states [25] in CNTs is most likely imposed by light-assisted modification of the nanotube environment that creates local minima in the confinement potential along the nanotube axis. After a day of laser exposure of an individual CNT, we occasionally observed the emergence of one or two satellite
peaks. An example of such a single CNT double-peak PL emission profile is shown in Figure 3a (upper plot): in this case, the initially single PL resonance split into two peaks of comparable intensity. We attribute the increase in energy separation of the two peaks with time ( Figure 3a, lower plot) to local fluctuations in the electromagnetic environment of the surfactant-embedded CNT and claim that this observation further supports our explanation of the PL spectrum based on localized QD-like exciton emission emerging from separate locations within the same CNT.
We have used photon correlation spectroscopy to study the role of QD-like localization in more detail. Figure 3b depicts the measured photon auto-correlation function of the lower energy peak showing a moderate antibunching with a normalized central peak area of 0.39 ± 0.08. The autocorrelation function of the higher energy peak and the combined PL peaks gave central-peak areas of 0.26 ± 0.06 and 0.42 ± 0.07, respectively. Remarkably, photon cross-correlation of the two PL lines shows even stronger antibunching ( Figure 3c ): this observation proves that the two emission lines, presumably originating from separate locations within the ∼ 0.5 µm CNT, are quantum correlated. Our findings strongly suggest that the observed antibunching cannot be explained by quantum confinement alone. Alternatively, fast Auger processes that inhibit excitation of two excitons in a CNT could ensure that the CNT behaves as an anharmonic quantum emitter [26] , even if quantum confinement effects were completely negligible.
In order to substantiate the role of Auger processes, we used time-resolved PL to study the characteristic PL decay times of individual CNTs as a function of excitation power. We find that in most of the CNTs we studied at 4.2 K (Figure 4a upper panel), the dominant low-excitationpower decay time constant ranges between 20 ps and 40 ps, in agreement with previous reports [22, 24] . These observations are also in good agreement with what one would expect from theoretical estimates (10 − 20 ps) of radiative lifetime of non-localized CNT excitons [27] . We further observe a two orders of magnitude weaker contribution to time-resolved PL signal from a slow decay process (240 ps time constant), which can be attributed to repopulation of the luminescent excitonic state by shelving states. Increasing the pump power leads to a saturation of the CNT exciton emission ( Figure 4b) ; this is a signature characteristic of quantum emitters, such as atoms or QDs [28] . On the other hand, for high pump intensities, we observe the emergence of a third, fast decay component of 18 ps (Figure 4a , lower panel) which eventually dominates the PL decay (Figure 4c ). This nonlinear decay process is not typical for atoms or molecules and but has signatures of an Auger-mediated exciton-exciton annihilation process. The measured Auger-rate is an order of magnitude larger than what was inferred from pump-probe experiments on CNTs of comparable length at room temperature [12] . It is likely that reduction of dimensionality driven by low-temperature exciton localization is responsible for the slowing down of the Auger rate, as observed for colloidal nanoparticles [29] . We remark, however, that the CNT used in this experiment exhibited a τ = 0 peak with a normalized area of about 0.1: such a strong antibunching cannot be explained by an Auger rate that is only twice as strong as the low-power decay rate.
Other possible mechanisms leading to antibunching in one-dimensional systems could include exciton-exciton interactions that lead to a "dipole blockade" of two-exciton generation.
It is well known that atoms, ions, molecules, solid-sate based QDs and nitrogen vacancy centers in diamond exhibit photon antibunching due to full three-dimensional quantum confinement of carriers. Our experiments identify for the first time a quasi-one-dimensional system as a twolevel quantum emitter. Since CNTs with larger diameters emit radiation in the optical communication window and luminescence can be generated electrically [30] , our findings could lead to development of new single-photon sources with potential applications in long-distance quantum communication.
Methods
Since a high PL collection efficiency is crucial for photon correlation measurements, we have de- Temperature fine-tuning of the sample was achieved locally through a combination of a resistive heater and sensor placed in close proximity to the sample. The laser excitation is carried out using a Ti:Sapphire laser in cw (continuous wave) operation for PL and fs-pulsed mode (130 fs pulse duration, 76.34 MHz repetition rate) for both time-resolved and photon correlation measurements. The sample was characterized by scanning a finite area and recording the PL intensity. Our experimental setup has a spectral resolution of 0.9 meV and the temporal resolution of the APDs used in the Hanbury-Brown and Twiss (HBT) setup is 420 ps. Time-resolved PL analysis with a streak camera of 7 ps temporal resolution complements our photon correlation results. depicts for each temperature the corresponding unnormalized correlation function G (2) (τ ) measured in a Hanbury-Brown and Twiss setup. The strongly inhibited correlation signal of the central peak at τ = 0 indicates the suppressed two (or more) photon emission probability (given as numbers in the right panel) and is a hallmark of nonclassical light. Even at 33 K the nanotube has a two-photon emission probability of 3%. 
